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The modelingof carbonnanotube-metatontactsis importantfrom both basicand appliedviewpoints.For
many applications,it is importantto designcontactssuchthat the transmissioris dictatedby intrinsic prop-
ertiesof the nanotubeatherthanby detailsof the contact.In this paper,we calculatethe electrontransmission
probability from a nanotubeo a free-electrormetal,which is sidecontactedIf the metal-nanotubénterfaceis
sufficiently ordered,we find that k-vector conservatiorplays an importantrole in determiningthe coupling,
with the physicsdependingon the areaof contact,tubediameter,andchirality. The mainresultsof this paper
are(i) conductancescaleswith contactlength,a phenomenahat hasbeenobservedn experiments(ii) in the
caseof uniform coupling betweenmetal and nanotube the thresholdvalue of the metal Fermi wave vector
(below which couplingis insignifican) dependson chirality; and (iii) an armchairtube couplesbetterthana
zigzagtubeto orderedAu/Ag contactsDisorderandsmall phasecoherencdengthrelax the needfor k-vector
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conservationtherebymakingthe coupling stronger.

I. INTRODUCTION

Carbon nanotubesrepresentan intriguing material that
hasattractedmuch attentionboth from theoristsand experi-
mentalistssincethe early 1990s! Particularlyexciting is the
possibility of one-dimensionametallic conductorsat room
temperaturghat can be usedas a probein scanningprobe
microscopyor as a low resistancéballistic interconnectfor
electrondevices’™* From a more basicpoint of view, much
can be learnedaboutthe physicsof conductionby studying
the conductancef sucha one-dimensionatonductorat low
temperaturesTo exploit thesepossibilitiesit is importantto
understandhe physicsof nanotube-metatontacts,and to
experimentallydemonstratdow resistancecontactsin a re-
produciblemanner.The contactbetweencarbonnanotubes
and metal can occur at the end of the tube (end contaci>®
and along the circumferenceof the tube (side contact.>”®
Reference9 recently predicted interesting featuresin the
transmissiorthroughend contactedarmchairtubes.The low
contactresistancalemonstratedy de Pabloet al.> and Soh
et al.® aredueto a stronginteractionbetweenmetalandcar-
bon atomsat the end of the nanotube pr/anddueto lack of
translationalsymmetry® In comparisonthe interactionbe-
tweenmetalandcarbonatomsin side-contactedanotubess
weak.

An interestingmanifestatiorof weakdistributedcoupling
is that the contactresistancas inverselyproportionalto the
contactlength,as observedexperimentallyin Refs.2 and 8.
Recently Tersoff, in a perceptivepaper'® qualitatively dis-
cussedthe importanceof k-vector conservationwhen the
coupling betweennanotubeand metal is weak. The impor-
tant physicalquantitiesare the diameterand chirality of the
nanotubethe Fermi wave vector of the metal, areaof con-
tact, anddetailsof the metal-nanotubeontact.In this paper,
we study the physics of side-contactednanotube-metal
contacté® by addressindnow thesephysicalquantitiesaffect
the transmissiorof electronsfrom the nanotubeto the metal
contact. For small diameternanotubespur conclusionsdo
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not fully agreewith Ref. 10. We find thatfor small diameter
armchairtubes the thresholdvalue of the Fermiwavevector
below which the conductances very small is 27/3a, and
not 4m/3ay, which is the thresholdvalue for grapheneay,

=2.46 A isthelattice vectorlengthof grapheneln contrast
to armchairtubes the thresholdfor zigzagtubesis zero.Our

calculationsalsoshowthat the conductancecaleswith con-

tactlength,a phenomenorhat wasobservedexperimentally
in the work of Tanset al.2 and Franket al 2

In the remainderof the introduction,we discussthe sa-
lient results using simple arguments.The method is dis-
cussedin Sec.ll, andthe numericalresultsand discussion
arepresentedn Sec.lll. We presentur conclusionsn Sec.
Iv.

The first Brillouin zone of graphenetouchesthe Fermi
surfaceat six points (Fig. 1). Of these,only two points are
inequivalent(thatis, do not differ by areciprocal-latticevec-
tor). The conductionpropertiesof graphiteat a low biasare
controlledby the natureof eigenstatesroundthesepoints.
Considera metal making uniform contactto grapheneThe
in-planewave vector shouldbe conservedvhenan electron
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FIG. 1. FirstBrillouin zoneof graphenePointsP,P’,P",Q,Q’,
and Q" touch the Fermi surface.a, is the lattice vector length of
grapheneA metal with a Fermi wave vectorsmaller(inner circle)
and larger (outer circle) than 4/3a, couplespoorly and well to
graphenerespectively.
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tunnelsfrom the metalto the nanotubeAs aresult,for good
couplingbetweermetalandgraphenethe metalFermiwave
vector shouldbe comparableo 4 7/3a,, which corresponds
to the Fermiwave vectorof graphene.

To discusghe caseof nanotubesnakingcontactto metal,
we considerthe scatteringrate (1/7,_ ) from the metalto
nanotubewithin the Born approximation,

1/Tc—m°(<q,c|Hcfm|\Pm>’ D

whereV ,(¥.) is the metal (nanotubg wave function and
H., representsthe nanotube-metalcoupling. The wave
function of an (n,m) nanotubds ¥ ,~e'"?!¢ | wherek, is
the axial wave vector, u is the one-dimensionaunit cell
length,p is anintegerrepresentinghe variousunit cells,and
¢, is avectorrepresentinghe wavefunction of all atomsin
a unit cell. It is assumedhat the wavefunction of the metal
is separablén the axial andradial directionsof the nanotube,
| ) ~ €'KmPY| ), wherek,, is the metalwave-vectorcom-
ponentalongthe nanotubeaxis. Whenthe couplingbetween
the nanotubeandmetalis uniform, the scatteringateis [Eq.

(1]

Ure-m™tem el dm) 2 e' (km—kpu, (2
p

wherethe summations performedoverall unit cells making
contactto metal,andt,_, represents uniform couplingcon-
stantbetweerthe metalandnanotubelt is clearfrom Eq. (2)
that providedthe metalandnanotubenakecontactover sev-
eral unit cells, wave-vectorconservatioralong the axial di-
rection is enforcedas = ye'*km kP~ (1/u) 5(ky—k,). The
axial wavevectorcorrespondindo E=0 are2x/3a, and0
for armchairand zigzag tubes, respectively,and the wave
vector for other chiralities varies betweenthesetwo limits.
As a result, the thresholdvalue of the Fermi wave vector,
below which the coupling betweenan armchair (zigzag
nanotubeand metal is poor, is equal to 27/3ay(0). The
thresholdvalue of the metal Fermi wave vector for chiral
tubesis in betweenthat of zigzagandarmchairtubes.As the
diameterof the nanotubeincreaseswave-vectorconserva-
tion along the circumferencebecomesincreasinglyimpor-
tant, asthe graphenestrip approaches graphenesheet.

Il. METHOD

The methodusedto calculatetransmissiorprobability is
essentiallythe sameasthatin Ref. 4, with the only addition
beingthe connectionof a metalcontact!! Soin this section,
we mainly focuson the connectionto the metalcontact.The
metal contacthas a rectangularcross sectionin the (x,z)
planeandis infinitely long alongthey axis,asshownin Fig.
2. The nanotubdies on the metal contactakin to the experi-
mentof Tanset al.? In Ref. 2, the nanotubebendsover the
edgeof the metal,andthe influenceof this on transportwas
recentlymodeledby Rochefortet al.!? In this work, the main
focusis to modelthe coupling betweenthe metaland nano-
tube.Sowe assumehe nanotubeto lie rigidly on the metal,
andneglectthe effect of bending(Fig. 2). A perfectlycylin-
drical nanotubewould touch the metal surfaceonly alonga
line. To simplify modelingthis interface,we stretchthe en-
tire circumferenceof the nanotubeover the metal surface,
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FIG. 2. A metal making contactto a nanotube.The (x,z) di-
mensionof the metalform a rectangularcrosssectionwith lengths
(Lx,L,). They directionis infinitely long.

andassumeouplingbetweercarbonatomsin a sectorof the
circumferenceand the metal; the Hamiltonian of the nano-
tubeis assumedo be the usualone for a circular tube. Fi-
nally, chargeself-consistency hasbeenneglected.

Thetransmissiorandlocal densityof statesarecalculated
in a structurethat can be conceptuallydivided into four
parts: the sectionof the nanotube(D), which lies on the
metalelectrodg(M), andsemi-infiniteregionsL andR of the
nanotube(Fig. 2). The Hamiltoniansof the systemcan be
written as

H=H;+Hpun+tHcm, (3)

HC:HD+HL+HR+HLD+HRD1 (4)

whereH, is the pi-electrontight-binding Hamiltonianof the

nanotubewith the on-site potentialand the hopping param-
eter betweennearest-neighbocarbonatomsequalto 0 and
3.1eV, respectively: H, , andHgp aretermsin the Hamil-

toniancouplingD to L andR, respectivelyH,, andH._, are
the free-particleand nanotube-metatoupling terms of the

Hamiltonian.The Green'sfunctionG" is obtainedby solving

[E-Hp—3| —3L—311G"(E)=I, where the self-energy
S 2=Vba8. Ven(aeL,R, andM). g, is the surfaceGreen’s
function of lead @ and Vp,(V,p) is the coupling between
D(a) anda(D). Thetransmissiorprobability betweerleads
a andB [T,z] is given by

Top(E)=TrI (E)G"(E)I s(E)G*(E)], (5)

where T (E)=27Vpp,(E)V.p, and p(E)=
—(YUm)Im[ g, (E)] is the surfacedensityof statesof lead a.
The Green’sfunction of the metal contactis calculated
within the free-electronapproximationusing the procedure
outlined below. The metal contacthas a rectangularcross
sectionof dimensionsL, and L, in the x and z directions,
respectively,andis infinitely long in the y direction. While
the (y,z) coordinatesare assumedo be continuous,the x
coordinateis assumedo be discretewith lattice spacinga
=L,/(N,+1), whereN, is the numberof lattice points.The
wavefunctions(WV ) andeigenvaluegE,,,) aregivenby

W nien(F) = Xn(X) Y (Y) Zn(2), (6)
where
m(x - \/[: | Lx ’ k(y - \/[: XK' Y),
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where m and n are positive integers,and my is the free-
electronmass.Using Egs.(6) and(7) in the equationfor the
Green’sfunction,

\Pmkn( F‘)* wmkn(w)

r,r',E)= - ,
8 ) m%n E-EmnTtin
we obtain,
im, 1 exdik,ly—y’
g Ey=— Mo Aikily—y’l]
#2 Lyly n ky
si mmx\  (mwx'\  [nwz\ [nwZ
sin L sin L sin L, sin L, |
8)
where,
2 12
k=1 k*— i I 1-co mm +i and
' L, a2 Ne+1)| 7
_[2moE
k= PO (9

For carbonnanotubesthe zeroof energy(E=0) is takento
lie at the bandcenter.On the otherhand,in deriving Eg. (8)
the zero of energycorrespondedo the bandbottom of the
free-electrormetal.In the calculationsthereshouldbe only
onezeroof energy which we taketo lie atthe bandcenterof
the nanotube We also neglectchargingeffects,and assume
the Fermi energyof the metalto lie at the bandcenterof the
nanotubé? Then,in the coordinatesystemwhereE=0 cor-
respondgo the bandcenterof the nanotubeEq. (8) canbe
usedby transforming,

2m,E 2m,E
k= >~ to k= 2

h? h?

2
+k5

in Eq. (9), wherek; is the Fermiwave vector of the metal.

The componentof the Green’sfunction that entersthe
calculationof the densityof statesandtransmissiormprobabil-
ity corresponds$o x=x'=a, the surfaceof the metalcontact
on which the nanotubelies. The (y,z) coordinatescorre-
spondto the atomic location of the stretchedout nanotube
lying on the metal. For uniform coupling betweenthe metal
andnanotubewe takeVpy =tDg, wheret is the strengthof
coupling betweenthe free-electronmetal and a nanotube
atom,andD, is a diagonalmatrix whosedimensionis equal
to the number of carbonatomsin D. The diagonal entry
Dy(i,i)=1(0) if the carbonatom “i” makes (does not
make contactto the metal.
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TABLE I. Ty, for the different valuesof the metal Fermiwave
vectorsused.

Metal Fermi
wave vector I'u(eVv)
(A7
0.4 1.1x10°*
0.75 7.2x10°4
0.9 1.2x10°3
1.2 2.9x10°3
1.75 9.1x10°3

IIl. RESULTS AND DISCUSSION

We first presentresultsfor the dependencef the thresh-
old value of the metal Fermi wavevectoron chirality, using
armchairand zigzag tubesconnectedto the metal contact.
We then discussthe diameterdependencef the conduc-
tance,usingthe caseof a zigzagtubeasan example Finally,
the caseof disorderin coupling betweena nanotubeand
metal is considered We consideronly weak coupling be-
tweenthe nanotubeandmetal. The averagevalueof the non-
zerodiagonalelementof the couplingstrengthl™y, aretabu-
latedin Tablel for the variousvaluesof the metal Fermi
wave vector considered.The main guide for the choice of
I'y is that it be much smallerthan the correspondingcou-
pling strengthbetweentwo carbonatomsof the nanotube
[the diagonal componentof T'; is approximatelyequal to
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T I o .
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FIG. 3. Transmissiorprobability for (a) armchairand(b) zigzag
tubesvs the contactlength.In both caseghe largestcontactlength
correspondgo 60 unit cells. The main point of (a) is that for the
metal Fermi wave vector smallerthan the threshold27/3a,, cou-
pling betweenthe nanotubeand metalis small, and increasingthe
contactlength doesnot changethe transmissiorprobability. For a
metalFermiwavevectorlargerthan2z/3a,, the transmissiorprob-
ability increasesvith anincreasen the contactiengthandalsowith
anincreasdn k; for a given contactiength. The mainpoint of (b) is
thatthereis no thresholdin the metal Fermi wave vector.Evenin
the caseof a small valueof the metalFermiwavevector(0.4 A1),
the transmissionincreaseswith an increasein the contactlength,
thoughthe magnitudeof transmissioris small. As in the armchair
case the transmissiorprobability increaseswith an increasein k¢
for agivencontactiength.Valuesof Ty, in (b) correspondingo k¢
equalto 0.4,0.75,and 1.2 A aremultiplied by a factor of 10.
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FIG. 4. Comparisorof the transmissiorprobability of (3,0) and
(6,0) nanotubews the contactlength. The transmissiorprobability
decreasewith anincreasdn the diameter.Inset: They axisis Ty
for metallic zigzagtubesscaledby 1.0e+4. The solid line is the
diameterdependencef T, for a contactlengthof 42.6 A. The
upperand lower dashedines are 1/ydiameterand 1/diameterde-
pendencesshownfor comparison.

0.3eV for a (2,2 nanotubé A larger(smalley valueof I'y,
will resultin a larger or smaller value of transmissionin
Figs. 3-5. We calculate the transmissionversus contact
length betweenthe nanotubeand metal for various Fermi
wave vectorsin the metal,andall atomsaroundthe circum-
ferenceof the tube are assumedo make uniform contact
with the metal. We emphasizethat when the metal makes
contactwith only a sectorof the nanotubesuchasin Ref. 2,
the resultsof the Fermiwave-vectordependencen chirality

0.005
0.004 - //c
Vd
0.003 | w&f
TML r 0//
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Ve
/Q/ dex O 45”0
0.001 o S
—— no disorder o=1
0 8 "9— —o . —<
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FIG. 5. Comparisonof transmissiorprobability vs the contact
length for a (2,2) armchair tube, with and without disorder in
nanotube-metalcoupling. The metal Fermi wave vector is
0.75A 1. Notethatfor the casewithout disorder the transmission
is poor,andincreasinghe contactiengthdoesnot help. Introducing
disorder changesthis picture, and the transmissionbeginsto in-
creasewith anincreasdn the contactlengthbecausek-vectorcon-
servationis relaxed.
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and the conductancelependencen contactlength are still
valid. Thesefeaturesdependon nanotube-metaktoupling
along the axial direction. So any changedue to the finite
sectorwill not qualitatively changethe results.

Experimentstypically involve transmissionof electrons
betweentwo metal contacts.The quantity T\, discussedn
this section, however, is the transmissionprobability be-
tweena metal contactand a semi-infintenanotube(Fig. 2).
We considerthis quantity becausea long nanotubesection
betweerntwo metalcontactsequiresmuchmorenumerically
intensivecalculations.The physicsdiscussedvith regardso
Ty in Figs. 3-5 also holds in the caseof two metallic
contactsthougha directnumericalcomparisoris not appro-
priate.

In the caseof armchairtubes,whenthe metalFermiwave
vector ky is smallerthan 2/3a5(0.85A 1), Ty, doesnot
changesignificantly with contactlength, as shown for k¢
=0.75A"1 in Fig. 3(a). For valuesof k; abovethethresh—
old, the transmissionmonotonically increaseswith an in-
creasein the contactlength. The monotonicincreases due
to weakmetal-nanotubeoupling,in which casean increase
in the contactlength simply resultsin an increasein the
transitionprobability to scatterfrom metalto nanotubddis-
cussionsurroundingEgs. (1) and (2)].® The transmission
will eventually saturatewith an increasein the contact
length, asthereare only two conductingmodesat the band
center. For the configurationconsidered,Ty,, can have a
maximumvalue of unity. The secondfeatureof Fig. 3(a) is
theincreasan transmissiorwith anincreasen k. This can
be understoodby noting that electronswith a wave-vector
componentalong the nanotube axis that is larger than
27/3a, scatterfrom the metalto the nanotubeanda larger
ks implies a large numberof availablemetal electronstates.
For the purposeof thesecalculationswe considered (2,2
armchairtube. The essentiaphysicswould in principle also
be true for the morerealistic (10,10 nanotube.

The caseof zigzagtubesis different becausébandsat E
=0 crossatk=0. Thenelectronsn the metalelectrodewith
anyk; (no threshold canscatterinto a metallic zigzagtube.
Theresultsfor a (3,0) tubeareshownin Fig. 3(b). Herethere
aretwo importantpoints. Thefirst pointis thatasthereis no
threshold metal Fermi wave vector, the transmissionin-
creasesmonotonicallywith the contactlength even for k¢
=0.4 A1, which is smallerthanthe thresholdfor armcha|r
tubes. The secondpoint is that the transmissiorfor k; equal
to 1.2 A~ is muchsmallerthanthatfor armchairtubes Fig.
3(a); thetransmission®f the threesmallervaluesof k; have
beenmultiplied by a factor of 10]. This is becauseéhe nano-
tube wave vectoraroundthe circumferencgk,) of a zigzag
tubeis large, k,=4m/3a, for the crossingbands,and,asa
result,the overlapintegral [Eq. (1)] is smallerthanfor arm-
chairtubes k;=1.2 A1 is closeto the Fermi wave vector
for Au andAg As ky=1.75A "1 is largerthanthe threshold
for graphite thetransm|SS|orprobab|I|ty is larger,andcom-
parableto that for armchairtubes[Fig. 3(b)].

What happensvhenthe diameterincreases™ the limit
of large diameter,a nanotubeis akin to grapheneand to
couple well with metal the thresholdk; should approach
47/3a,.1° Numerically, it is difficult to S|mulatelarged|am-
eter tubesalong with large contactlengthsbecauseof the
time and memoryrequirementsassociatedvith the calcula-
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tion of gy, . To conveythe main point we considertwo sim-

pler casesThefirst casecompareghetransmissiorprobabil-
ity of the two smallest semimetallic zigzag tubes with

varying contactlengths,and the secondcaseconsiderszig-

zag tubesof varying diameterswith a rathersmall contact
length. Figure 4 compareghe transmissiorprobability ver-

suscontactlengthof the (3,0) and(6,0) nanotubesThe (6,0

nanotubehastwice the diameterof the (3,0) nanotube The

(6,0 nanotubecorrespondinglyhas a smallertransmission,
andthe trendof decreasen transmissiorwill continuewith

furtherincreasdn the diameter.The insetis a calculationof

the transmissiorprobability versusthe diameterof semime-
tallic zigzagtubesfor a contactlength of 42.6 A (ten unit

cells. T\, decreasesvith anincreasein the diameter,be-

causewave-vectorconservationbecomesincreasingly im-

portantwith increasein the diameter.Also shownin this

figure for comparisorare 1/diameterand 1/\/diameter.

We now addresghe role of disorder.Disorderin either
the nanotubemetal,or nanotube-metatouplingwill in gen-
eral result in larger transmissionwhen comparedto the
disorder-freecase.Wave-vectorconservations relaxeddue
to scatteringfrom defects andthe transmissiorwill increase
with anincreasen the contactiengtheven when the metal kj
is below the threshold value. We considerthe caseof disor-
der in nanotube-metatoupling (H..n,). Disorderin all ele-
mentsof the coupling betweenthe nanotubeand metal is
introducedrandomly.The disorderin the couplingof atomi
to the metal contact can be written as tj=at®+(1
— o)t wheret® is the averagevalueof t; overall sites
connectedo the metal,and « is a fraction betweerzeroand
unity. 12" s the randomcomponentvhoseaverages equal
to t?. In Fig. 5, the two strengthsof disordercorrespondo
a=0 and0.5 (the smallera correspondso largerdisordey,
such that t2% hasthe samevalue as in Fig. 3(a). For an
armchairtubein contactwith ametalwith k;=0.75A "1, the
transmissionis very small, and more importantly did not
vary with contactlength [Fig. 3(a)]. Introducing disorder
changeghis trend,and causes monotonicincreasedn trans-
mission with the length of contact[Fig. 5]. Similarly, for
largediametertubes,in the presencef disorderthereshould
be significant transmissionwhen k; is smaller than the
threshold4m/3a,. The requirementof wave-vectorconser-
vation is also relaxedwhen the phase-coherenckength is
small. Sowe expectthe couplingto improvewith a decrease
in the phase-coherendength.
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1V. CONCLUSIONS

In this paper,we addressedomeaspect®f the physicsof
a nanotubeside contactedto metal, a problem of current
importance.The coupling of carbonnanotubego metal de-
pendson both chirality anddiameter Wave-vectorconserva-
tion of anelectronscatteredrom a nanotubeo a metalplays
a centralrole in determiningthe transportproperties.The
difference betweensmall and large diameternanotubess
that while in the former wave-vectorconservatioris impor-
tantonly in the axial direction,in the latterit is importantin
both the axial and circumferentialdirections. As a result,
smalldiameterarmchairandzigzagtubeshavea cutoff value
of the metal Fermi wave vector equalto 27/3a, and zero,
respectively.For chiral tubes,the cutoff value of the metal
Fermiwavevectorlies in betweenthesetwo limits, with the
valuedecreasingvith anincreasen the chiral angle.A large
diametemanotubds akin to a graphenesheetandthe cutoff
valueof the metalFermiwavevectorin this caseapproaches
47/3a, with an increasein the diameter.Disorderin the
metal, nanotube por metal-nanotubeoupling relaxesthe re-
quirementof k-vectorconservationandin generalimproves
coupling. Reference2 and 8 have shown an increasein
conductancavith contactlength.In this paper,we discussed
two situationsthat could lead to this. The first situationre-
quires the metal Fermi wave vector to be larger than the
thresholddiscussedn the text, andholdsevenwhenthereis
no disorder.The secondsituation requiresdisorderin cou-
pling to the metal, but thereis no restrictionon the value of
the Fermiwave vector.

Note added in proof. P. DelaneyandM. Di Ventra[Appl.
Phys.Lett. 75, 4028(2000 | alsoaddressetheissueof wave
vector conservationWe would like to thank M. Di Ventra
for sendingus a preprint.
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